The colonization of land by plants was facilitated by the evolution of the complex trait desiccation tolerance (DT, also 'desiccation-tolerant'). This trait confers the ability to revive from an air-dried state ( Bewley, 1979 ) , and gaining an understanding of the ecological strategies characterizing this phenomenon is the subject of this study. An operational defi nition of DT is "the ability to dry to equilibrium with moderately dry air and then resume normal function when rehydrated" ( Alpert and Oliver, 2002 ) . More specifi cally, if a plant can tolerate equilibrium at water potentials less than about -100 megapascals (MPa) (50% relative humidity (RH)), it is considered as DT ( Koster et al., 2010 ) . Among bryophytes, 210 species among 7 taxonomic classes are documented as DT ( Wood, 2007 ) , with the assumption that most terrestrial bryophytes are to some degree DT. In determining whether an organism or tissue is DT, it is useful to distinguish cellular DT as how "unspecialized vegetative cells tolerate desiccation" ( Koster et al., 2010 ) from ecological DT , which places importance on the survival and health of the organism or structure following a desiccating event. Whereas in studies of cellular DT a leaf that is 70% chlorotic may be considered dead ( Koster et al., 2010 ) , in studies of ecological DT the 30% viable region of the leaf is considered important in survival, regeneration, and subsequent fi tness. This study is concerned with the latter manifestation of DT.
As noted by Wood (2007) and derived from Oliver et al. (1998) , DT plants can be divided into those that are "fully DT", i.e., capable of recovering from a drying event carried out at any speed, vs. "modifi ed DT," referring to those species capable of recovering from desiccation only if the rate of water loss is gradual. These two ecological strategies of DT, when viewed against the backdrop of the many studies chronicling the responses to and mechanisms of surviving desiccation in a variety of bryophytes, are best termed as constitutive desiccation tolerance (CDT here) and inducible desiccation tolerance (IDT here), respectively ( Mayaba et al., 2001 ; Pressel et al., 2006 ; Toldi et al., 2009 ). The implication is that IDT species, plants, or structures require a slow rate of drying (a slow-drying event, or SD) to induce protective mechanisms against desiccation-induced damage and/or facilitate rapid recovery during subsequent rehydration. However, CDT species, plants, or structures have protective mechanisms in place during normal growth and metabolism, surviving substantially (but not entirely) unharmed even when dried rapidly (a rapid-drying event, or RD; Proctor et al., 2007a ) . That these two ecological strategies of DT may actually represent the • Premise of the study: Bryophytes include clades that incorporate constitutive desiccation tolerance, especially terrestrial species. Here we test the hypothesis that the opposing ecological strategy of desiccation tolerance, inducibility, is present in a desert moss, and address this hypothesis by varying rates of drying in a laboratory study. Desiccation tolerance is arguably the most important evolutionary innovation relevant to the colonization of land by plants; increased understanding of the ecological drivers of this trait will eventually illuminate the responsible mechanisms and ultimately open doors to the potential for the application of this trait in cultivated plants.
• Methods: Plants were cloned, grown in continuous culture (dehardened) for several months, and subjected to rates of drying (drying times) ranging from 30 min to 53 h, rehydrated and tested for recovery using chlorophyll fl uorescence, leaf damage, and regeneration of protonema and shoots.
• Key results: Rate of drying signifi cantly affected all recovery responses, with very rapid drying rates severely damaging the entire shoot except the shoot apex and resulting in slower growth rates, fewer regenerative shoots produced, and a compromised photosynthetic system as inferred from fl uorescence parameters.
• Conclusions: For the fi rst time, a desert moss is shown to exhibit an ecological strategy of desiccation tolerance that is inducible, challenging the assumption that arid-land bryophytes rely exclusively on constitutive protection. Results indicate that previous considerations defi ning a slow-dry event in bryophytes need reevaluation, and that the ecological strategy of inducible desiccation tolerance is probably more common than currently understood among terrestrial bryophytes. ( Alpert and Oliver, 2002 ) due to differential drying times among species even when exposed to the same RH. Field studies indicate that colony desiccation rate may be rapid or gradual, depending on the colony size, species, shoot architecture, and local atmospheric conditions ( Alpert, 1979 ; Tuba, 1984 ; Zotz et al., 2000 ; Proctor, 2004 ; Stark, 2005 ; Rice et al., 2011 ) . By convention, the rate of drying is not given as a rate per se, but as duration until shoots are desiccated, which may or may not refl ect different rates of water loss depending upon the technique of desiccation. Most previous experimental studies enlisted a RD on the order of minutes to a few hours compared against a SD on the order of several hours (e.g., Bewley, 1995 ; Chen et al., 2002 ) . When multiple rates of desiccation were assessed, the use of contained atmospheric RHs were used as a surrogate for rate of desiccation, with faster rates obtained at lower RHs and slower rates at higher RHs; stable water potentials are achievable using salt solutions (e.g., Dhindsa, 1991 ; Proctor et al., 2007b ; Oliver et al., 2009 ). This approach, while yielding a range of drying times, may mask the separate effects of rate of drying and equilibrating RH. Using fern gametophytes it was found that rate of drying was more closely related to recovery than fi nal water content ( Watkins et al., 2007 ) . Only a single study has assessed rates of desiccation (as hours at a single RH) under a common RH for bryophytes ( Penny and Bayfi eld, 1982 ) , and although only 3 rates (durations) were employed (6.0, 1.5, and 0.6 h @55% RH), signifi cant recovery differences were found. Our purpose here is to assess DT over a range of rates of desiccation under a given RH considered to represent the presence of DT (50% RH; Koster et al., 2010 ) , potentially allowing the resolution of the fi ne-scale effects of rate of desiccation on recovery in an IDT species.
Hypotheses and predictions-To our knowledge, a study subjecting a terrestrial bryophyte in a totally dehardened state to a range of desiccation times to assess ecological responses to desiccation has not been carried out. This prompted the following question: Does the rate of desiccation taken at a single equilibrating RH predict subsequent damage and recovery in a dehardened species? We propose the following hypothesis using the desert moss Pterygoneurum lamellatum : Damage upon rehydration is related to the rate of prior desiccation, with longer drying times mitigating leaf, photosynthetic, and regenerational damage/ability.
MATERIALS AND METHODS
Species description -The acrocarpous moss Pterygoneurum lamellatum (Lindb.) Jur. (Pottiaceae) is distinguished from other members of the genus by the long-exserted capsules, presence of a fragile peristome, leaves papillose on the abaxial surface, and smaller spores ( Flowers, 1973 ; Carrión et al., 1995 ; Werner et al., 2002 ; Zander, 2007 ) . Found in xeric regions of Europe, Asia, and western North America, the species is considered rare in North America, "near threatened" for eastern Spain ( Puche and Gimeno, 2001 ) , and extinct in Great Britain ( Hodgetts, 2011 ) . In a recent phylogenetic analysis, the position of P. lamellatum was not clearly resolved ( Werner et al., 2002 ) , perhaps suggesting that further work will place P. lamellatum in another genus or new taxon. Several living collections were sought through MO (Missouri Botanical Garden, St. Louis, Missouri, USA); however, all of these proved to be older collections and would not revive in culture. Two localities for the species are known from the state of Nevada ( Brinda et al., 2007 ) , and one of these populations was used in the current study, vouchered as follows : Stark s.n. , 30 Nov 2004 (UNLV) Stark, 2005 ) . Although species endpoints of a range of variation in degree of DT is a viable hypothesis that requires further exploration ( Pressel et al., 2006 ; Wood, 2007 ) . At present, given that a positive carbon balance can be achieved within 1 h of rehydration ( Tuba et al., 1996 ; Proctor and Pence, 2002 ) , and full recovery from a desiccation event to predesiccation levels of photosynthesis may take up to 48 h, which entails a return to normal conformation of organelles ( Proctor et al., 2007a ) and reassembly of the cytoskeleton ( Pressel et al., 2006 ) , most bryophytes are considered as CDT ( Proctor et al., 2007a ) , and this may extend to their sperm ( Shortlidge et al., 2012 ) . However, there are several notable examples of IDT bryophytes or bryophyte structures ( Werner et al., 1991 ; Hellwege et al., 1994 ; Pressel and Duckett, 2010 ; Cruz de Carvalho et al., 2011 ) .
Ecological elements of DT in bryophytes-
The complex ecological trait of DT can be considered to exist, and quantifi ed, along three major dynamics: intensity, duration, and hardening/ dehardening phenomena. Intensity includes two components, (i) the rate of dehydration to the desiccated state, normally measured in hours, and (ii) the equilibration water potential/RH employed and obtained by the plant at desiccation, with the two components related ( Abel, 1956 ; Nörr, 1974 ; Proctor et al., 2007b ; Cruz de Carvalho et al., 2011 ) . Duration is the length of time a plant or structure experiences continual desiccation. Hardening to DT occurs when a degree of DT is induced from either a preexposure to partially dry conditions or from a slow desiccation episode, whereas dehardening (deacclimation) describes the loss of DT attending hydrated conditions and infers a degree of IDT. The ability to harden or deharden to DT is noted for several bryophytes (e.g., Abel, 1956 ; Dilks and Proctor, 1976 ; Schonbeck and Bewley, 1981a , b ; Hellwege et al., 1994 ; Pence, 1998 ; Beckett, 1999 ; Beckett et al., 2000 ; Marschall and Beckett, 2005 ) .
Mechanistically, bryophytes are thought to employ constitutive cellular protection in concert with a rehydration-induced repair and recovery process (for discussion of mechanisms involved in DT see Proctor et al., 2007a ) . Interestingly, the effi ciency of repair during rehydration depends upon the rate of prior desiccation in most cases ( Schonbeck and Bewley, 1981a , b ; Oliver and Bewley, 1984 ; Oliver, 1991 ; Werner and Bopp, 1993 ; Bewley, 1995 ; Wood and Oliver, 1999 ; Velten and Oliver, 2001 ; Pressel and Duckett, 2010 ) , thus revealing the interdependency of (inducible) repair and (constitutive) protection. A plant or structure is diagnosed as CDT or IDT based on its response upon rehydration to a RD event ( Schonbeck and Bewley, 1981b ; Werner et al., 1991 ; Hellwege et al., 1994) , noting that fi eld-collected plants may yield different responses than laboratory-cultured (and thus totally dehardened) plants . If a plant/structure takes on signifi cant damage from an RD event that is otherwise mitigated by a SD event, it can be considered IDT ( Werner et al., 1991 ; Pressel and Duckett, 2010 ) , whereas if upon rehydration the plant/structure exhibits minimal organ or cellular damage it can be considered CDT (e.g., Tuba et al., 1996 Tuba et al., , 1998 Beckett et al., 2005 ; Stark et al., 2012 ) . As shown by Pressel and Duckett (2010) , linking the rate of desiccation to survival or future fi tness in a species identifi es the ecological DT strategy employed and is critical to improving our understanding of DT.
Rate of desiccation-Clearly, the rate of desiccation is critical to evaluating both the ecological strategy of DT and the mechanisms involved in recovery for a particular bryophyte . However, it has been considered diffi cult endpoint of a drying cycle. Shoots were then left overnight (12-24 h) at 50% RH to dry to constant mass (WC = 0.11 mg water / mg shoot, or 11% dry matter basis). Thus, the fi nal equilibrium water potential reached for all dried shoots was ~-100 MPa. The RH inside lidded (50, 100, 200, 300 µL) and unlidded (RD, 0 µL) Petri dishes was measured using iButtons (Maxim, San Jose, California, USA). RH was measured every 15 min, n = 3) on separate sets of nonexperimental shoots carried out in an electronic desiccation cabinet (Totech Super Dry, Yokohama, Japan) set to 50% and which ranged from 45-55% RH.
Rehydration and planting shoots -Dried shoots were carefully separated from one another and individually transferred (using fi ne forceps and handling shoots by the awns ) to prehydrated sand media (prepared as above in Experimental design) in 48-hole well plates, one shoot per well, and the plate lidded and placed into a growth chamber (settings as above in Desiccation technique). Each shoot was repositioned to the center of the well. Plates were rotated systematically every seven days within a single shelf in a growth chamber. Each week, sterile water was added to each well by pipet until the media surface was saturated.
Response variables -Leaf damage was assessed on day 4 (following rehydration) by observing the shoots at 60 × magnifi cation and classifying each leaf as entirely chlorophyllose (value = 1), partially chlorotic (value = 0.5), and entirely chlorotic (value = 0). To be classed as entirely chlorophyllose, both the lamina and the lamellae were undamaged. The percentage of chlorophyllose leaves was calculated from these values. If a lower leaf was obscured by upper leaves it was not scored. Protonemal production was assessed every 7 d for each shoot at 60 × by noting the presence/absence of protonemal fi laments extending from the base of the shoot or from the lower leaves. Protonemal growth rate was assessed by noting when the protonemal fi laments reached the edge of the well, indicating the protonema had advanced a linear distance of ~5.0 mm. The rate of Shoot regeneration was assessed by counting the number of regenerant shoots produced in each well after 28 and 35 d. Chlorophyll fl uorescence was assessed on separate sets of shoots dried at rates given above and then rehydrated with sterile water on an absorbant chemical wipe inside a fl uorometer clip. Using a modulated chlorophyll fl uorometer (FMS2, Hansatech Ltd, King's Lynn, UK), the saturation pulse method ( Bilger et al., 1995 ) was used on darkadapted samples of 16 shoots to determine chlorophyll fl uorescence ratio ( F v/ F m). Quantum effi ciency of PSII ([ F m'/ F s] / F m') was determined as described in Genty et al. (1989) . Shoots were dark adapted between measurements. Shoots were maintained in the hydrated condition by placing them on an absorbent chemical wipe positioned inside the clip and dipped in water outside the clip, allowing capillary movement of water into the clip. Fluorescence measurements were recorded over a 72 h post rehydration period.
in Pterygoneurum are regarded as annual ( Zander, 1979 ) , repeated fi eld observations of the same population by the fi rst author indicate that P. lamellatum is perennial in habit.
Culture technique -From the voucher cited above, plants were placed into culture and grown using the technique of Horsley et al. (2011) , i.e., using locally collected sieved and dry-sterilized sand in 35 mm (inner diameter) plastic Petri dishes placed in a plant growth chamber (Percival model E30B, Boone, Iowa, USA) set to a 12 h photoperiod (20 ° C lighted, 8 ° C darkened), ~65% RH, 115-147 µmol m −2 s −1 photosynthetically active radiation (PAR), and watered each week with sterile distilled water (as protonema) and eventually (as mature plants) with a 30% Hoagland's solution ( Hoagland and Arnon, 1938 ) . All plants used in this experiment were cloned from a single fi eld shoot, and regenerated through subculture to mature shoots at least twice in the laboratory. Contaminants were removed by subculture and treatment of shoots with a 1% commercial bleach solution. Experimental shoots were 3-5 mos. old, had reached full size, and were not expressing sex.
Experimental design -Drying time (called 'rate of desiccation' here), from full turgor to constant shoot mass at equilibrium with 50% RH, was experimentally varied from 0 h (an undried control) to 53 h by varying the volume of water pipetted onto fi lter paper and by lidding or unlidding the petri dish (described below under Desiccation Technique). The following treatments, in addition to an undried control, were employed (n = 16 shoots per treatment), with time to desiccation in parentheses: 0 µL unlidded (0.5 h), 0 µL lidded (0.9 h), 25 µL 
h).
Desiccation technique -Water content (WC) was determined on a dry weight (DW) basis by oven drying shoots (70 ° C for 24 h; WC = [shoot mass equilibrated at 50% RH-DW] / DW). All shoot manipulations were carried out in a walk-in environmental control room set to constant temperature, RH, and light (20 ° C, 50% RH, 2-4 µmol m −2 sec −1 ), with internal variation within the room <5% for all three parameters. For each treatment, 16 shoots of approximately equal size were selected from cultures that were 3-5 months old. Healthy shoots that were not expressing sex were removed (shoots were severed) from the culture dish at media surface level, cleaned of debris, shortened in height if necessary by cutting the shoot base to remove basal branches, and moved as a group of 16 (the shoots have long leaf awns enabling them to cohere together) into a premoistened Petri dish with 2-ply Whatman No. 1 fi lter paper to dissipate excess free water from the shoots for ~2 min. The group of shoots was then moved to a dry Petri dish (with 2-ply Whatman No. 1 fi lter paper cut to the inner circumference of the dish and the fi lter paper equilibrated at 50% RH for at least 24 h), where most remaining free water was evaporated from the shoots over a period of ~10-30 min through periodic visual inspection. At this point shoots were at full turgor but without signifi cant external water, sensu Csintalan et al. (2000) .
The shoots selected above were placed on premoistened 2-ply fi lter paper (3-ply fi lter paper was used at the longest drying time) described above in the previous paragraph as a cohering group of 16. Because the shoots were contiguous, they tended to lose water as a group, and thus differences in drying rate among shoots were minimized. Sterile distilled water was pipetted onto the fi lter paper, the shoots transferred to the surface of the fi lter paper and the dish lidded but not sealed (or unlidded) and placed in dim continuous laboratory light (2-4 µmol · m 2 · sec −1 ) at 50% RH and 20 ° C (the light regime during drying is inconsequential to recovery in DT bryophytes; Alpert and Oechel, 1985 , Streusand et al., 1986 , Seel et al., 1992 . This method (similar to that used by Pressel and Duckett, 2010 , in their slow drying regime except they employed cellophane discs and single-ply fi lter paper; dissimilar to the method employed by Cui et al., 2011 where multiple layers of fi lter paper were wetted with liquid media) did not allow water to transfer from the moistened fi lter paper to the shoots. This method therefore allows the shoots to desiccate gradually not unlike shoots on moistened soil substrate (as noted by Liénard et al., 2008 ) , with mosses unable to conduct water into tissues unless free water exists in the substrate. Actual rate of water loss from the wetted and lidded Petri dishes was constant across treatments (5.86 ± 0.42 µL h −1 , n = 8). Rate of drying was assessed using morphological phenophases that shoots of Pterygoneurum lamellatum display as they desiccate, similar to the approach of Rundel and Lange (1980) for Pseudocrossidium crinitum (Schultz) R.H. Zander ( Fig. 1 ) . When the leaves began to twist about the shoot, the time was recorded. This latter phenophase is correlated with a water content of 22%, and was regarded as the Fig. 1 . Water content of sets of 16 shoots of Pterygoneurum lamellatum as a function of shoot phenophase. Mean ± one standard error (SE). Water content was determined by oven-drying shoots (70 ° C for 24 h), verifying that no further water could be withdrawn from shoots using a 4 ° C vacuum centrifuge, Savant Speed Vac SVC 100 centrifuge, Savant VP 100 2 Stage pump, and Savant Refrigerated Condensation Trap RT-400). RH, Relative humidity. August 2013] STARK, ET AL.-RATE OF DRYING INFLUENCES SHOOT DAMAGE IN PTERYGONEURUM was signifi cantly higher for plants that were more slowly dried (z = 21.91, df = 191, P < 0.001). In shoots where some or all leaves incurred damage, these damaged (brown or partially brown) leaves always occurred proximally in relation to undamaged leaves (healthy leaves were always located distally to damaged leaves).
Regeneration of protonema and shoots -Protonemal emergence was signifi cantly later for plants that were more rapidly dried (z = 4.365, df = 191, P < 0.001; range 7.0 ± 0.0 d for undried control shoots and the slowest dried shoots, to 10.1 ± 0.9 d for shoots dried at the second fastest rate of 0.9 h). The time taken for protonemata to cover the well was also signifi cantly longer for plants that were dried more rapidly (z = 2.193, df = 191, P = 0.028; range 21.0 ± 0.0 d for undried control shoots, to 23.2 ± 0.8 d for the shoots dried at the fastest rate of 0.6 h). As drying time was extended, regenerative shoot number increased, with regenerative shoot counts signifi cantly higher for plants that were more slowly dried (z = 10.07, df = 191, P < 0.001; Fig. 5 ). All shoots, even those suffering severe leaf damage after a RD, survived and regenerated in this experiment.
Chlorophyll fl uorescence -Maximal fl uorescence ( F m) values were signifi cantly higher for plants that were more slowly dried at all time-points (t > 8.75, df = 16, P < 0.001) except for the fi rst measurement at 0.5 h (t = 1.189, df = 15, P = 0.254; Fig. 6 ). Undried control shoots and shoots dried the slowest (53 h) were indistinguishable over the fi rst 48 h, exhibiting F m values of ~800 units. As drying time decreased, F m dropped, falling below 200 units for the most rapid drying time (0.5 h). At all time-points measured, F v/ F m (quantum yield) was signifi cantly higher for plants that were more slowly dried (t = 2.2892, df = 16, P = 0.011, highest P at 72 h; Fig. 7 ). Shoots exposed to the most rapid drying time (0.5 h) yielded values near zero, whereas undried control shoots along with the 3 slowest drying times yielded values of ~0.7. Φ PSII values (quantum effi ciency of Photosystem II, or PSII ) were also signifi cantly higher for plants that were more slowly dried at all-time points (t = 2.403, df = 16, P = 0.030, highest P at 64 h; Fig. 8 ).
DISCUSSION
As plants moved from aquatic to terrestrial habitats, arguably the most critical evolutionary trait allowing this colonization was desiccation tolerance (DT). Knowledge of the ecological strategies employed in bryophyte DT is of import because (i) it gives insights into the selective pressures attending desiccation, and (ii) it paves the way for the eventual elucidation of mechanisms responsible for tolerating desiccation. Such insights and mechanisms may prove useful for genetically engineering DT in cultivated plants. Ecological DT can be viewed as having three dynamics and two evolutionary strategies. Dynamics include the intensity of desiccation, the duration of desiccation, and hardening/dehardening phenomena associated with DT. Intensity of DT enlists two components, the rate with which plants are dried, and the equilibrium RH attained. Given the focus on rate of desiccation in this study, a few notes on how rate is affected by laboratory technique are appropriate. If contained atmospheres of known RH are used, and these RHs range from low to high, then different rates of water loss occur among treatments, and the disadvantage of this system is that rate of desiccation is confounded by equilibrating RH. However, if, as in the current study, Statistics -The times to protonemal emergence as well as the times for protonema to cover the wells were analyzed using Cox proportional hazards regression models ( Therneau and Grambsch, 2000 ) . Regenerative shoot counts were examined using a negative binomial GLM ( general linear model; Venables and Ripley, 2002 ) . The proportion of green leaves was calculated by scoring the leaves as described above in Response variables. Due to the inherent censoring in proportion data, tobit regression models ( Tobin, 1958 ) were used to test for effects using this index. Chlorophyll fl uorescence values were examined via GLM with each individual time point analyzed separately. Therefore 19 separate models were created for each fl uorescence parameter. All analyses were performed using the R software package (version 2.15.1; R Development Core Team, 2012 ) . Some R functions were performed using additional packages, including survival ( Therneau, 2012 ) for Cox regression models, MASS ( Venables and Ripley, 2002 ) for the negative binomial model, and AER ( Kleiber and Zeileis, 2008 ) for tobit models.
RESULTS
Relative humidity inside Petri dish -Shoots experienced high humidity levels (~95% RH) over periods of time in proportion to the amount of water initially pipetted upon the fi lter paper (<5 h for 50 µL H 2 O, ~10 h for 100 µL H 2 O, ~30 h for 200 µL H 2 O, and ~45 h for 300 µL H 2 O). For the unlidded RD treatment, RH never exceeded 55%. Once the RH inside the Petri dish dropped below 90-95%, shoots desiccated in about 10 h. The decline in RH within the Petri dish was similar across treatments. Although the ambient RH outside of the Petri dishes was 45-55%, the RH inside the dishes declined to 49-58% in all treatments ( Fig. 2 ) .
Leaf damage -As drying time is extended, leaf damage is attenuated ( Figs. 3, 4 ) , with leaf damage nearly 100% (0% chlorophyllose leaves) at the most rapid drying time (0.5 h), and nearly zero (100% chlorophyllose leaves) at the most gradual drying time (53 h). The proportion of chlorophyllose leaves Fig. 2 . Approximate relative humidity (RH) experienced by shoots for fi ve of the desiccation treatments, using iButtons positioned inside Petri dishes containing a set of 16 shoots of Pterygoneurum lamellatum on 2-or 3-ply fi lter paper inside an electronic desiccation cabinet set at 50% RH. iButtons recorded RH every 15 min, with hourly data given here for clarity; means ± 1 SE, n = 3. the rate of desiccation under a single RH (50%), in an effort to determine how the rate of desiccation relates to survival, damage detected upon rehydration, vegetative fi tness, and, importantly, the strategy of ecological DT employed.
Rate of desiccation -The rate of desiccation, coupled or uncoupled to equilibrium RH, is exceedingly important to the ability of bryophytes to recover upon rehydration ( Cruz de Carvalho et al., 2011 , 2012 . In general, slower rates of desiccation confer a faster and more effi cient recovery from the damaging effects of the desiccation/rehydration cycle (e.g., Bewley, 1995 ;  wetted fi lter paper is used that elevates the RH experienced by the shoots above ambient while the plants are at full turgor to subturgor, the rate of water loss remains fairly constant among all treatments except the unlidded rapid-dry (RD) treatment, and thus the variable employed is really 'time at subturgor' (called rate of desiccation here).
Strategies of ecological DT include whether the species, plants, or structures are inducibly DT (IDT) or constitutively DT (CDT), with the former strategy requiring a slow rate of drying to survive desiccation relatively undamaged. In the current study of the desert bryophyte Pterygoneurum lamellatum we focused on of Pterygoneurum lamellatum were severely damaged by faster rates of drying, damage that extended to the photosynthetic apparatus. What constitutes a "slow" or "rapid" rate of desiccation is not well-documented, and although Krochko et al. (1978) incorporated three different rates of desiccation (a RD of <1.5 h, a SD of 2-3 h, and a very SD of 10-12 h), it is clear from the current study that previous concepts of a SD (~2-10 h) are perhaps better considered a moderate RD, at least for Pterogoneurum lamellatum and likely true of other species (e.g., Werner et al., 1991 ; Pressel and Duckett, 2010 ; Cruz de Carvalho et al., 2012 ) . Using the technique presented, and a little calibration for each species, it is possible to standardize the rate of desiccation among different species (i.e., one can desiccate different species of bryophytes at the same rate despite their morphological differences). In addition, as noted by Bopp and Werner (1993) , when fi eldcollected plants are used to test recovery from desiccating events, it is probable that the plants are partially hardened even after being subjected to a hydration period prior to testing. Indeed, the same patch of plants may exhibit seasonal differences in DT even after a prehydrating event of 48 h ( Beckett and Hoddinott, 1997 ) , and response variables may be distorted by age variances among shoots ( Tuba, 1985 ) . Therefore, in the current study we incorporated entirely dehardened plants that were regenerated using a single clone in the laboratory, thus removing fi eld historical effects and shoot-to-shoot genetic variation, and we made no assumptions about what constituted a RD or a SD, since this probably varies species to species.
The return to positive carbon balance and to normal levels of O 2 consumption upon rehydration from a desiccating event takes longer to recover than PSII ( Mayaba et al., 2001 ; Alpert and Oliver, 2002 ) , and this time is directly related to the prior rate of drying Oliver and Wood, 1997 ) . Even in the putative CDT species Syntrichia ruralis (Hedwig) F. Weber & D. Mohr, a "SD" of 10-14 h resulted in a resumption of control levels of O 2 consumption in 6 h, while shoots exposed to a RD of <1 h took 24 h to reach control levels of O 2 consumption . The major fi ndings of the current study confi rmed the hypothesis proposed, implicating rate of desiccation as a signifi cant factor in subsequent leaf damage, regenerant shoot production (growth rate), and the health of PSII as inferred from chlorophyll fl uorescence. Our results are consistent with (i) the recovery of the photosystem in the liverwort Southbya nigrella (De Not.) Henriq. ( Pressel et al., 2009 ) and (ii) with pigment integrity and gross photosynthetic rate in the aquatic moss Fontinalis antipyretica Hedw. ( Cruz de Carvalho et al., 2011 ) . Rate of desiccation has fundamental implications on mechanisms of recovery from and preparation for desiccation ( Pressel and Duckett, 2010 ) , including signifi cant differences in the population of repair transcripts active during rehydration from a RD or SD event ( Oliver et al., 2009 ) . Thus, the protein synthetic response of the plant to effect repairs depends upon the rate of prior desiccation.
The shoot apex -The shoot apex of mosses is more DT, or less susceptible to injury from a RD, than lower leaves ( Glime and Carr, 1974 ; Gupta, 1977 ; Schonbeck and Bewley, 1981a ; Proctor and Pence, 2002 ; but the reverse can occur, Johnson and Kokila, 1970 ) , consistent with Alpert's (2000) summary of the phenomenon in vascular DT plants and earlier reports of bryophyte shoot apices being the last structure to desiccate (Irmscher, 1912; Clausen, 1952 ; Mansour and Hallet, 1981 ) . As a bryophyte leaf (or shoot tip) ages, it loses its ability to tolerate Pressel and Duckett, 2010 ; Cruz de Carvalho et al., 2011 , 2012 . Drying events that are relatively rapid are correlated with pigment loss, even in species that survive in deserts that may otherwise be expected to be constitutively protected ( Schonbeck and Bewley, 1981a , b ; Di Nola et al., 1983 ; Tuba, 1984 ; Stark et al., 2007 ) . Under conditions of slow-drying or even rapiddrying, recovery to normal levels of PSII activity can occur in a matter of minutes ( Csintalan et al., 1999 ; Proctor and Smirnoff, 2000 ; Proctor et al., 2007a ) , leading to the conclusion that the photosynthetic apparatus in many bryophyte species is undamaged by desiccation ( Csintalan et al., 1999 ; Proctor, 2000 , Proctor et al., 2007b . However, the dehardened shoots Fig. 4 . The relationship between rate of drying and leaf damage (as the percentage of leaves on a shoot that are entirely chlorophyllose 4 d after rehydration) in shoots of Pterygoneurum lamellatum exposed to drying times ranging from 0.5 to 53 h to equilibration at 50% RH. Each point represents the mean ± one SE of a group of 16 shoots. Fig. 5 . The relationship between rate of drying and regenerative shoot numbers present 35 d after rehydration in shoots of Pterygoneurum lamellatum exposed to drying times ranging from 0.5 to 53 h to equilibration at 50% RH. Each point represents the mean ± one SE of a group of 16 shoots. Control = shoots from undried cultures. [Vol. 100 undamaged protonemata of Funaria hygrometrica Hedw. ( Werner et al., 1991 ) . However, comparisons involving different structures (shoots vs. protonemata) and potentially different drying protocols are speculative. Using full recovery of chlorophyllous tissue, it may take up to 48 h ( Figs. 3, 4 ) in P. lamellatum .
In habitats exposed to RD events, the prediction for DT strategy is one of CDT; whereas in habitats subjected to mostly SD events the prediction for DT strategy is one of IDT ( Deltoro et al., 1998 ; Marschall and Beckett, 2005 ; Pressel et al., 2009 ). However, moss patches in deserts receiving predominantly winter precipitation may desiccate much more gradually than assumed, with most patches in the Mojave Desert in Nevada, USA desiccating over several days ( Stark, 2005 ) as opposed to several hours. Nevertheless, we were surprised that the Pterygoneurum lamellatum plants from a low elevation Mojave Desert locality exhibited a clear pattern of IDT. Pilot studies in progress with other bryophyte species indicate that the IDT desiccation and regenerate ( Egunyomi, 1979 ; Stark et al., 2004 ; Segreto et al., 2010 ) , and it is clear that mobile signals conferring DT do not transport from the crown (the shoot apex) to the lower portions of the shoot ( Beckett, 2001 ). However, acropetal nitrogen transport to the shoot apex occurs from senescing segments in two moss species ( Wells and Brown, 1996 ; Økland et al., 1997 ; Eckstein and Karlsson, 1999 ) , yielding a viable mechanism (strong crown sink and recycled nutrients) for improved DT of shoot apices. In Pterygoneurum lamellatum the shoot crown survived desiccation intact (even the most rapid drying time) and is capable of resuming growth even though all of the lower leaves along the shoot had been damaged by the more rapid drying times. This could indicate structural variation in mode of DT, i.e., apical meristems may incorporate CDT while the body of the shoot incorporates IDT, and this possibility is currently under study. Alternatively, the high level of DT present in shoot apices could be due to the wicking effect of leaf awns , which have been implicated in retarding water loss ( Tao and Zhang, 2012 ) . Nevertheless, it was the lower portion of shoots bearing chlorotic leaves that regenerated protonemata, indicating that tissues expected to be heavily damaged by visual or fl uorescence measures may yet have ecological import.
Evidence of an IDT species -In this paper we have shown that the gametophytic shoots of the desert moss Pterygoneurum lamellatum incorporate the ecological DT strategy of inducible DT (IDT) rather than constitutive DT (CDT). This is one of the few reports of a terrestrial bryophyte shoot system exhibiting inducible DT, and the fi rst report of an IDT species native to deserts. The most salient attribute of an IDT plant is suffering signifi cant damage when rapidly dried, while incurring negligible damage when dried over a protracted period. In addition, IDT plants should be able to tolerate a RD event relatively undamaged following a SD event sensu Werner et al. (1991) and Pence (1998) . The threshold drying time (i.e., minimum rate of drying to remain relatively undamaged) for shoots of P. lamellatum , using visual shoot damage, regenerative growth rate, and chlorophyll fl uorescence data, appears to be close to 24 h (between 18 and 39 h), similar to the 24-h drying time resulting in Fig. 6 . Mean F m over a 72 h rehydration period for shoots of Pterygoneurum lamellatum exposed to rates of drying ranging from 0.5 to 53 h at an equilibrating RH of 50% (mean ± one SE, n = 3). Desicc = desiccation; control represents undried shoots. Fig. 7 . Mean F v/ F m over a 72 h rehydration period for shoots of Pterygoneurum lamellatum exposed to rates of drying ranging from 0.5 to 53 h at an equilibrating RH of 50% (mean ± one SE, n = 3). Desicc, desiccation; control represents undried shoots. Fig. 8 . Mean quantum yield ( Φ PSII) over a 72 h rehydration period for shoots of Pterygoneurum lamellatum exposed to rates of drying ranging from 0.5 to 53 h at an equilibrating RH of 50% (mean ± one SE, n = 3). Desicc, desiccation; control represents undried shoots. standardized, then F m can be related to damage to PSII reaction centers, with lower values indicative of degradation or loss of chlorophyll ( Proctor, 2003 ) ; thus tissue damage is directly related to the rate of desiccation for P. lamellatum . LITERATURE CITED strategy is not uncommon in xeric habitats such as deserts and chaparral of the western USA. In addition, species that are clearly CDT in the dehardened state exist and are currently under study. Although regarded as a CDT-only clade (e.g., Toldi et al., 2009 ), the bryophytes include 11 species that are likely to be IDT (including protonemal studies, and with some studies incorporating only a RD test coupled with an ABA (abscisic acid) or sucrose test, rather than a SD; Table 1 ). This number is probably an underestimate because few studies have removed fi eld effects prior to testing, and thus a fi eld-hardened IDT species may behave, upon initial test, as a CDT species. This was found to be the case with fi eld-collected shoots in P. lamellatum when brought into the laboratory and exposed to a RD as a precursor to the present experiment. Another advantage of using dehardened plants is that the resulting cultures, if begun with a single shoot subculture, include shoots with leaves of similar age, thus addressing one of the potential problems of relying upon fl uorescence to assess shoot health in bryophytes, where fi eld-collected shoots are comprised of leaves of many different ages and which therefore may exhibit degrees of senescence ( Proctor, 2003 ) .
The chlorophyll fl uorescence data are largely consistent with visual estimates of leaf damage and regeneration data, and point to an inducible system. F v/ F m values after 24 h for shoots dried slowly ( ≥ 18.1 h) were very close to values from undried control shoots, at about 0.7, suggesting there was little difference in the health of photosystem II between SD shoots and undried shoots. However, when shoots were dried rapidly (30 min), F v/ F m values were low immediately upon rehydration and stayed low ( ≤ 0.1) over the fi rst 72 h from rehydration, indicating a severely compromised photosynthetic apparatus. This condition was refl ected in the visual estimate of leaf damage, with the majority of leaves chlorotic. We note that among the more rapidly dried treatments (4.3 and 8.7 h), F v/ F m values rose considerably over the 72-h monitoring period (see Fig. 7 ). However, these rising values of F v/ F m should be considered in the context of very low F m values (see Fig. 6 ) for the same treatments, indicative of a serious decline of living tissue ( Proctor, 2003 ) in these rapidly dried samples; however, the viable tissue remaining is performing fairly well. The distribution of F m (maximum fl uorescence) values more precisely coincides with the rate of drying, and points to some shoot damage occurring at drying times below 53 h. If the mass or area measured (in this case, 16 similarly sized shoots of Pterygoneurum lamellatum ) is TABLE 1. Known or probable bryophyte species that exhibit inducible desiccation tolerance (IDT) as inferred from the literature.
IDT Species
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